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Tnis  research  consisted  of  four  coordinated  types  of  activity;  (l)  the 
design  and  construction  of  a pulsed  EQE  spectrometer • (2)  testing  it  v;ith 
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AHS'I'KACT 


A Gximmary  of  Uic  work  on  the  above  project  is  prcscMited . 
This  includes  a description  of  tlie  pulsed  NQR  instrumentation 
assembled  for  this  work,  as  v;ell  as  highlights  from  the  four 
Technical  Reports  issued,  <ind  from  internal  laboratox-y  reports. 
One  technical  report  is  in  press  and  the  other  three  ai^e  to  be 


submitted  for  publication  after  minor  up-dates. 


IK  . 1 o;: 

Tlie  woi'k  under  this  project  consisted  mi  Itic  in.ain  of  four 

coordinnted  types  of  rictivity:  (1)  Die  desi^^n  nncJ  construction  of 

1 U 

a pxilsed  NQR  spectrometer;  (2)  testing  it  vm  t h known  N resonance 
and  e >:p(M'i  men  t a 1 seaiches  for  boron  MQR  spectra,  including  some 
cai’borancs  ; (3)  seai'c'nes  for  carborane^^B  NQR  resonances  using 
over  cw  NQR  spectrometer,  and  (4)  molecular  orbital  computations 
of  wave  functions  and  electric  field  gradients  in  some  small 
carboranes. 

The  long-range  objectives  of  the  work  included  bringing  NQR 
spectroscopic  methods  to  bear  upon  the  problems  of  bonding,  inter- 
molecular  forces  and  molecular  motions  in  polymers.  VJe  also 
hoped  to  apply  and  to  evaluate  molecular  orbital  computational 
iriethods  for  the  elucidation  of  the  electronic  structure  of  the 
car'boranes.  The  feasibility  of  NQR  studies  of  carborane  polymers 
and  copolymers  was  also  to  be  examined, 

PULSED  NQR  SPECTROMETER 

The  pulsed  NQR  spectrometer  assembled  for  these  studies  is 
illustrated  in  Fig.  1.  The  radio  frequency  source  is  a General 
Radio  oscillator  operating  in  the  low  megahertz  region.  Its 
output  is  gated  under  the  control  of  an  analog  pulse  programmer 
and  put  through  to  a high  power  RF  amplifier  system  which  drives 
a conventional  impedance  matching  network  The  analog 

pulse  programmer  and  the  RF  gate  were  designed  and  constructed 
here  by  Dr.  J.  W.  Jost. 


A c:onvent  i onal  back-to-back  diode  covipliiig  syijicm  scaids 
the  signals  to  tlie  tank  circuit,  'Die  pulsed  signals  wei'C 

detected  in  a Matec  receiver  equipped  with  a two-stage  diode  clamp- 
ing circuit  to  limit  input  power.  The  output  of  the  receiver  was 
sampled  28D0  times  per  pulse  and  digitized  amplitudes  v;ere  stored 
in  the  ICL’-9?00  transient  recorder.  The  analog  signal  is  presented 
on  the  oscilloscope  for  visual  observations  durving  the  experiments, 
and  can  be  inked  on  an  X-Y  plotter  for  a peimanent  record. 

The  digital  output  for  the  tr'ansient  recorder  went  to  an 
interface  we  designed  and  constructed,  and  then  to  a PDF  11/10 
minicomputer  for  data  processing  and  storing.  The  minicomputer  was 
under  the  control  of  either  a Tektronix  cathode  ray  terminal  or  a 
Teletype  at  the  option  of  the  user.  Advanced  Electronics  Design 
Model  2500  dual  drive  floppy  disc  unit  was  made  an  integral  part 
of  our  operating  system.  Permanent  records  of  numerical  data  are 
hard  copied  on  the  teletype.  Tn  the  extended  stages  of  this  study, 
CRT  plots  were  Inked  on  an  X-Y  recorder  by  the  computer  system, 
using  an  interface  designed,  constructed  and  documented  by  Mr. 

George  Wiley,  a r'ceent  senior  research  student. 

This  on-line  NQR  spectrometer  system  has  been  used  to  observe 
free  induction  decay  (DID)  signals  and  spin-echo  signals.  The  pulse 
programmer  permitted  single  or  double  pulse  sequences  of  variable 
length  and  spacing.  Various  computer  progr'ams  were  written  for 
storing  and  for  displaying  the  transient  signals  on  a cathode  ray 
terminal  employed  with  the  PDP  11/10.  These  include  a program 
which  permits  the  accumulation  of  many  transients  and  their  co- 
addition to  do  signal  averaging  experiments  so  as  to  impr'ove  the 


rx<jinples  of  two  flD  siorle 


o i gn.3  l-iioi  DO  r.itio  with  v;c<ik  sirnalc. 
pulGcs  obsei'ved  by  Jost  are  sliown  in  figs.  2 ( hexairiPt  by  1 onet  e t I'.on  i ne 
and  3 (urra).  Urea  and  pyrazinc  echo  experiments  are  shown  in 
Figures  4 and  S.  A single  pulse  FTD  experiment  on  pyrazine  is 
shown  in  Fig.  6.  An  X-Y  plot  of  a single  pulse  FID  experiment  on 
HMT  is  shown  in  Fig.  7,  and  its  Fourier  transform  is  given  in  Fig.  8 
Figures  9,  10,  and  11  are  composites  of  FID  coadded  signals  and 
their  Fourier  transforms  for  a sequence  of  experiments  on  hexa- 
methylenetetramine with  gradually  increasing  number  of  pulses: 

10,  100,  1000,  and  they  show  the  marked  improvement  of  S/N  ratio 
achieved  with  signal  averaging,  as  expected. 

NQR  SPECTRA  OF  CARBORANES 
14 

Observations  on  several  N compounds  were  made  successfully 
with  the  pulsed  spectrometer,  and  excellent  enhancement  of  S/N 
ratio  was  obtained  when  we  employed  signal  averaging.  The  results, 
already  mentioned  above,  are  presented  in  Figs.  2 to  11. 

Numerous  attempts  were  made  to  find  NQR  resonances  with 

the  pulsed  spectrometer  in  compounds  for  which  the  frequencies 
had  been  previously  reported  from  CW  observations.  We  used  both 
FID  and  spin-echo  modes  of  operation,  and  employed  signal  averaging 
techniques  in  the  latest  stages  of  the  work,  but  these  efforts  were 
never  successful.  This  may  be  due  to  short  spin-spin  relaxation 
times.  The  NQR  signals  observed  in  boron  compounds  with  CW  spectro- 
meters are  typically  around  20  KHz  wide,  and  this  indicates  a short 
T^*.  There  is  also  the  possibility  that  the  electric  field  gradient 
in  the  crystalline  compounds  are  broadly  distributed  about  the 


uvei'cige  value  because  of  lattice  i m^jerf  ect  i ons  . Tliis  could  reduce 
sensitivity  although  it  would  not  necessarily  affect  the  relaxation 
times.  Tliere  is  a possibility  that  acoustic  modes  could  be  very 
important  in  relaxing  the  nuclear  spins;  this  may  be  responsible 
for  the  broad  lines.  How’ever,  the  precise  reason  for  failure  to 
find  the  bor'on  resonances  by  pulse  techniques  is  still  not  clear. 
Several  groups  of  investigators  in  various  laboratories  have  also 
tried  unsuccessfully. 

Aware  of  the  possibility  that  we  might  not  be  able  to  find 
bor'on  NQR  spectra  with  our  pulsed  instrument,  we  decided  to  use 
our  old  Pound-Knight-Watkins  CW  NQR  spectrometer  and  to  make 
searches  on  available  carboranes.  Molecular  wave  functions  were 
computed  and  field  gradients  were  calculated  (see  section  on 
Quantum  Computations...  below).  Of  the  carboranes  for  which  the 
field  gradients  were  computed,  we  had  available  a sample  of  penta- 
dicarborane.  Using  the  CW  spectrometer  we  promptly  succeeded  in 
finding  a single-line  NQR  spectrum  at  liquid  N^  t empera'ture . It 
was  found  at  1.55  MHz  which  was  within  6 percent  of  the  predicted 
frequency  for  the  gaseous  molecule  (1.65  MHz).  This  result  will 
be  reported  in  a brief  note  to  be  prepared  for  publication  at  some 


future  date. 


QUANTUM  COMPUTATIONS  OF  ?;IT:CTHIC  I'lFLD  GFADIFN'l'S 


A number  of  ab  initio  molecular  orbital  computation;;!  me>bo<Js 
were  considered  and  examined  critically  in  order  to  arrive  at  a 
feasible  appi'oach  to  the  c-omputation  of  moleculcir  electronic  wuve 
functions  <ind  of  electric  field  gradients  which  are  needed  to 
interpr'Ct  NQR  data  or  to  predict  the  frequency  I'ange  in  which  one 
should  search  for  new  NQR  spectra.  In  view  of  our  very  limited 
access  to  computer  time  on  the  big  computers  required  for  these 
calculations,  we  decided  to  work  with  the  STO-NG  program  which 
permits  minimal  basis  set  LCAO  calculations  in  which  each  Slater 
type  orbital  is  repjresented  as  a variable  number  (N)  of  Gaussian 
type  basis  orbitals  (G).  This  program  was  tested  thoroughly  by 
a series  of  computations  of  the  molecular  v.'ave  functions  and  the 
electric  field  gradients  of  NH^  for  which  the  field  gradient  in 
the  gaseous  molecule  is  known  accurately  from  microwave  spectro- 
scopic data.  Two  approaches  to  the  calculation  of  the  field  grad- 
ient were  used.  One  of  these  involved  the  use  of  the  Slater  type 
orbitals  themselves,  and  the  other  involved  the  use  of  the  approxi- 
mating Gaussians.  The  results  have  been  presented  in  ONR  Technical 
Report  No.  3 issued  in  September,  1974.  In  that  study  we  also 
used  the  program  GAUSSIAN  70  to  generate  ^ inij;iq  wave  functions 
of  a higher  order  of  accuracy,  and  we  computed  electric  field 
gradients  as  well.  Two  different  sized  basis  sets  were  utilized  in 
these  computations:  the  "4-31"  and  the  more  extended  "6-31"  levels. 
We  learned  that  the  less  expensive  "4-31"  computations  with 
GAUSSIAN  70  were  accurate  enough  to  be  quite  useful  for  our  intended 
purposes.  Then,  as  a further  te.st  of  this  approach,  we  calculated 


wave  functions  and  field  ^ladients  for  another  nitro-contd  i iiing 
molecule  of  considerable  theoretical  interest,  imidazole.  That 
study  has  been  described  in  ONR  Technical  Report  No.  2,  issued  in 
August  , 1974 . 

Finally,  we  chose  three  carboranes  of  a size  small  enough  so 
that  the  computations  could  be  made  with  GAUSSIAN  70  on  our  campus 
computer  center  CDC  6400  computer.  These  computations  led  to 
predicted  values  for  the  electric  field  gradients  and  the  quadrupole 
coupling  constants  of  the  gaseous  molecules.  Details  are  reported 
in  ONR  Technical  Report  No.  4. 


CONCl.USJ  ONS 


(1)  V^o  constructed  a pulsed  NQR  Sped  r’ome  t er  for  the  tow  MHz 
jegion  and  successfully  tested  it  with  a number  of  nitrogen  compound 
fID  and  spin-echo  signals  were  rccor'ded  at  high  S/N  in  a number  of 
compounds . 

(2)  However,  numerous  similar  attempts  to  see  known 
resonances  in  a number  of  compounds  were  unsuccessful,  probably 
because  of  short  relaxation  times  (T^  or  T-  or  both). 

(3)  We  have  used  MO  theory  successfully  to  predict  the  quad- 

rupole  coupling  constant  of  in  pentad i carborane  to  within  a 

few  per’cent  of  the  actual  fr'cquency. 

(U)  With  a CW  Pound-Knight-VJatkins  type  spectrometer  we  found 
the  NQR  resonance  in  pentadi carborane  at  liquid  temperature. 

(5)  The  pulsed  NQR  apparatus  requires  a faster  response 
receiver  than  we  had  available  to  pick  up  FID  and  spin-echo  signals 
before  they  decay  away.  Probably  a recovery  time  about  ten  times 
better  than  the  Matec  receiver  will  be  needed.  Since  ^^B  NQR 

line  widths  are  about  20  kHz,  the  response  time  should  be  around 
10  ysec.  No  fast  detector  was  available  commercially. 

(6)  VJe  have  designed  an  automated  sweeping  pulsed  NQR  search 
spectrometer  which  can  be  operated  by  our  minicomputer  system. 

This  design  is  presented  here,  and  when  implemented,  it  should 
fjermit  automatic  searches  of  NQR  signals  by  pulsed  methods. 

(7)  Continuous  wave  techniques  should  be  pursued  to  locate 
more  NQR  lines  in  carboranes. 

(8)  Broad-line  ^^B  NMR  techniques,  such  as  have  been  used  in 


t)ic  Cci:"’!  ier  1 i t (,■! vi t u p(  , i liould  <ilso  bp  Litj'Ongly  considpred  for 
futui'C  stu(Hcs  of  the  quadiupole  couplings  of  carborane  inonomers 
and  polymer's,  to  obtain  da1a  needed  for  design  of  pulsed  NQR  exper- 
iments . 

(9)  Tlie  sensitive  new  double  resonance  methods  should  also  be 
considered  for  NQF;  studies. 
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Pulsed  NOF<  Spectrometer  (Current  System) 
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